Creative Commons Attribution-Noncommercial-Share Alike Abstract. The stability of alpha helices is important in protein folding, bioinspired materials design, and controls many biological properties under physiological and disease conditions. Here we show that a naturally favored alpha helix length of 9 to 17 amino acids exists at which the propensity towards the formation of this secondary structure is maximized. We use a combination of thermodynamical analysis, well-tempered metadynamics molecular simulation and statistical analyses of experimental alpha helix length distributions and find that the favored alpha helix length is caused by a competition between alpha helix folding, unfolding into a random coil and formation of higher-order tertiary structures. The theoretical result is suggested to be used to explain the statistical distribution of the length of alpha helices observed in natural protein structures. Our study provides mechanistic insight into fundamental controlling parameters in alpha helix structure formation and potentially other biopolymers or synthetic materials. The result advances our fundamental understanding of size effects in the stability of protein structures and may enable the design of de novo alpha-helical protein materials.
Introduction
The alpha helix ( fig. 1a ) is a very widely observed and the most prevalent secondary structure (which reflects ∼ 30% of the entire Protein Data Bank) of proteins, characterized by a right-handed coil stabilized by hydrogen bonds between backbones of every 3.6 residues of the polypeptide chain [1] as distinct from the much less frequently found 3 10 helices (3 residues per turn) and π-helices (4.1 residues per turn) [2] [3] [4] [5] . The stability of the alpha helix secondary structure is important since in its absence protein domains may misfold, which results in compromised structural, mechanical, binding and other biologically functional properties that play an important role in the emergence of disease states [6] [7] [8] [9] . A statistical analysis of experimental data for variegated amino acid sequences shows that most naturally existing alpha-helical domains are composed of segments of ∼10 residues in length [6, [10] [11] [12] . Since this overarching structural feature emerges from analyzing many of functionally very different protein a e-mail: mbuehler@MIT.EDU molecules, we hypothesize that the favored length scale of alpha helices is driven by more fundamental principles than the specific amino acid sequence, solvent property or other biochemical features.
Even though the accessible structural data of protein molecules has increased rapidly during recent years, overarching models that explain the generic driving forces behind structure formation in protein materials remain limited [13] . This is partly because computer simulations of biological molecules are often confined to relatively short time scales, making it difficult to reach the native folded state by a conventional search method (e.g. using classical molecular dynamics simulation) [14] . Existing statistical models, combined with empirical parameters, provide predictive power toward understanding the general principles of folding and unfolding of alpha helices [15] [16] [17] . Their parameters, however, are usually empirically fitted, adding difficulty to integrate them with molecular models with parameters derived from ab initio calculations. Moreover, these models focus on the collective behavior of helices and do not account for the mechanistic insight of a single isolated alpha helix. Indeed, single alpha he- Representative geometry of an alpha helix structure. a) The coiled structure of an alpha helix, displayed via a ribbon with 3.6 residues per turn, defined by the backbone nitrogen and carbon atoms. Each hydrogen bond forms between two of the amino acids are indicated by dashed lines. In the left structure shown here N = m 1 = 12 since all residues form an alpha helix secondary structure; in the right structure shown here the chain is composed of two segments represented by U 1F2 as m1 = 4 and m 2 = 8. b) Examples of the three modes of all the possible structures as summarized in table 1, and each of which is represented by F 1, U1 and F 1 U2F 3 , respectively.
lix formation is weakly cooperative, resulting in complex distributions of helical segment size [18] . For example, the Lifson-Roig helix-to-coil transition models predict the propensities for different chain lengths to form an alpha helix, but they only suggest an increasing propensity to form an alpha helix with increasing length [19] . This implies that longer polypeptide chains are always more inclined to form alpha helices, preventing the models from explaining complex higher-order folding behaviors of alpha helices [20] . In contrast, other models predict that the alpha helix strength decreases for increasing length, implying a less stable structure that unfolds more easily [21] . Such coarse-grained models, however,do not incorporate terms that can capture the details of the amino acid sequence and do not include the mechanistic interplay of alpha helix folding, unfolding and assembly. Zimm and Bragg's study predicts the average length of alpha helix in an infinite polyalanine repeat as 15-30 residues [15, 22] . Again, this study does not account for the complex higherorder folding and this estimated length is much longer than most naturally existing alpha-helical segments of 5 to 14 residues [6, [10] [11] [12] . The predictions made by these models are contradictory and form a paradox, and each of them alone fails to explain the observation of a favored length of alpha helices.
Here we explain the naturally favored alpha helix length based on a combination of a theoretical and computational model. The theoretical model is based on two key concepts that describe three possible structures that can be assumed by the helix-prone polypeptide (see fig. 1b ). The first one is that the folded region of the polypeptide chain can either adopt the geometry of an alpha helix secondary structure or an unfolded structure that is free to adopt any conformation without constraints, resembling a random coil. The second concept is that higher-order tertiary structures can be formed by self-folding of longer alpha helix segments onto one another, where the total energy is lowered by the formation of additional inter-helix adhesion when alpha-helical regions align [23] . It is noted that helix bundles have been theoretically investigated in the literature [20, 24] . We emphasize that our study focuses on the physical mechanism that leads to the critical length of an alpha helix with maximum stability by itself, and not stabilized by interactions with other proteins. We will not focus on any specific protein folding problem because that requires the sequence information, the full atomic model, the accurate force field and a large sampling space. This distinguishes our work from earlier analyses [25] [26] [27] [28] .
Model and methods

Thermodynamic model
Without considering the interactions among amino acids within an alpha helix, a polypeptide chain of N amino acids yields a total 2 N states with different distributions of amino acids in alpha helix state and disordered state. To facilitate the calculation, we describe the conformation state of the polypeptide chain by the combination of states of each segment as "F" for a segment of all amino acids in an alpha helix state and "U" for a segment of all amino acids in a disordered state. We use m i to denote the number of amino acids within each segment as illustrated in fig. 1 . Because of the geometry character of alpha helix Table 1 . Summary of all states of a helix-prone polypeptide. The entire polypeptide is composed of up to three alpha helix segments (noted by F1 to F3) connected by unfolded sections (noted by Ui) as illustrated in fig. 1b . Each alpha helix is of length larger than the minimum length requirement N min = 5. The formula for the internal energy of each state is given in the table, with a detailed definition of E given in eq. (3). 
(t = 3.6 residues per turn for alpha helix), the minimum length for each alpha helix segment is 5 residues (stabilized by at least a single hydrogen bond), and the minimum length of each disordered segment is one residue. Therefore, for each possible conformation denoted by S, we can estimate the minimum length requirement as summarized in table 1. The canonical partition function of each conformation state with a known length for each segment as
, where β = 1/(K B T ) is the thermodynamic factor, E f is the total internal energy of those conformations, m i is the length of each segment that only subjects to geometric limits and Ω tot is the statistical weight defined as the number of conformations within the state. The canonical partition function of each conformation state without any limit by segment length is given by
to sum up all the possible combinations of different segment number and length of each of them as summarized in table 1 with the only constraint that m i = N . The total internal energy can be calculated via the sum of the energy of each segment, as well as the interacting term given by
where E(m i ) is the internal energy of the segment with the length of m i amino acids, ε is the non-bonded interaction of unit length between two self-folded alpha helices, d
is the helix rise along the helix axis for each residue, and δ ij is the mark that equals to one as the two alpha helix segments are self-folded and equals zero when they are not. We include the second term on the right side of eq. (2) because many protein structures seen in the Protein Data Bank [13] show the structural characteristic that helical segments within the same polypeptide are separated by several amino acids that have a random coil structure. For example, the pore helix structures at the center of ion channels are composed of bundles of self-folded alpha helices. By considering the internal energy in the form of eq. (2) for all the possible segment lengths for all the possible conformations as summarized in table 1, we calculate the internal energy of intact alpha helix (mode I), partial unfolded alpha helix (mode II) and self-folded alpha helix (mode III), including symmetric and asymmetric folding, and their partition functions are given by
Internal energy of alpha-helical segment
We set up a homogeneous alpha-helical model that treats each residue equally to calculate the internal energy of each alpha-helical segment. The internal energy includes the energy stored in hydrogen bonds, and the deformation Fig. 2 . We use the natural form of a coiled coil that is composed of two alpha helices to calculate the non-bonded interaction of unit length between two self-folded alpha helices. The atomic model is obtained from protein data bank (with PDB ID 2FB5, domain A) and each of the alpha helices has a length of 36 amino acids. We change the distance r DD between the two helix axis and measure the energy as a function. The adhesion energy is thereby given by the energy difference between the lowest point and the energy of two helices far away from each other. The non-bonded interaction for this model is given
energy of the backbone, given by
where E e is the bending energy of each residue's backbone within the helix conformation, E hyr is the energy difference for each internal amino acid in alpha helix state and in disordered state caused by solvent effect, E b ext is the energy of the hydrogen bond at the end region, E b int is the energy of each hydrogen bond at the interior of each helical segment and t = 3.6 is the number of residues per turn for an alpha helix. It is noted that in many former studies the bending term is not explicitly considered, but it is explicitly included here to make the physical meaning of each term more clear. We include two different hydrogen bonding energy terms here to describe a chemical cooperative effect as has been shown in protein structures. The terminal effect is included by (m i −t) in each energy term. We obtain the reference value of each of those energy terms as follows. We first measure the adhesion energy between two alpha helices in their natural state within a coiled coil obtained from the protein data bank (with PDB ID 2FB5, domain A) and model the protein structure by using the CHARMM19 all-atom force field with an effective Gaussian model for the water solvent as shown in fig. 2 [30] . By changing the distance between two coils we obtain the reference value of ε = 1.0 kcal/mol/Å.
2 is the average bending energy of an amino acid within the helix conformation, where L p is the persistence length of a polypeptide chain with a reference value of L p0 = 5Å at a reference temperature of T 0 = 300 K [31] , D is the average diameter of the alpha helix measured by doubling the distance from the backbone atoms to the helix axis (with its value as D = 3.2Å [32] ) and b is the contour length of an amino acid within the polypeptide chain with its reference value of 3.7Å [31] . These parameters yield the reference value of E e = 2.2 kcal/mol at 300 K. For E hyr which includes only the solvent effect and no other energy components, we use a difference-indifference measurement. We first set up two polypeptide chains composed of 30 amino acids with the same type; one of an alpha helix conformation and the other one of a fully unfolded conformation. We then measure the energy difference of the two models in solvent as given by ΔG wt (this energy difference stems from hydrogen bonds, deformation of the polypeptide chain and solvent energy at the surface), and in vacuum as given by ΔG va (this energy difference comes from hydrogen bonds and deformation of polypeptide chain), as summarized in table 2. The energy difference caused by solvent for an amino acid of this specific type in different states is thereby given by (ΔG wt − ΔG va )/30. We repeat this process of all the amino acid types and then obtain the average value E hyr by using a statistical weight of each amino acid type.
We use the well-tempered metadynamics method [33, 34] to measure the free energy landscape of each hydrogen bond in the interior region and the edge region of an alpha helix to give estimations of E b int and E b ext , respectively. The simulation includes a polyalanine chain of 20 amino acids with an initial conformation of alpha helix after equilibration using the CHARMM27 all-atom force field and an explicit solvent (TIP3P water molecule model) box with dimension of 100 × 40 × 40Å 3 . We set the collective variable as the distance between hydrogen and oxygen atoms within a hydrogen bond. To eliminate the angular effect, we apply a restraint to the system that only allows the hydrogen bond angle to fluctuate within 60
• of range. The evolvements of the free energy landscapes of hydrogen bond at the edge and interior are as illustrated in fig. 3 , from which we can obtain the bond energy by measuring the converged barrier height. All reference values of the energy parameters are as summarized in table 3.
Statistical weight of each state
The Worm-Like Chain (WLC) model [35] is adopted here as the elastic description of the polypeptide backbone. The conformation energy of each unfolded segment is
where L = bm i is the contour length of the polypeptide of the m i unfolded amino acids, and R is the expected endto-end length of the polypeptide with the value [36] of at the interior of alpha helix (a) Based on the fact that the pitch of an alpha helix is 5.4Å, and 3.6 amino acid per turn [32] .
(b) Average diameter of an alpha helix based on its backbone. the number of conformations of each segment is obtained via
where Ω i is the statistical weight as the number of conformations of the segment i. We have E c (m i |F) = 0 because there is a single conformation for an alpha helix segment. The above analysis yields a general form of the statistical weight Ω i of each segment m i as
and the total statistical weight can be calculated by
where Ω 0 = exp(−E 0 /(K B T )) is a ground state constant and E 0 is the ground state conformational energy of the polypeptide before unfolding. We select typical values for the geometric parameters as summarized in table 3 to obtain a quantitative estimate of the probability distribution as summarized in table 1. It is noted that L p0 is given by the persistence length of the polypeptide in the reference temperature of T 0 , and for other temperatures T , the persistence length is L p = L p0 T 0 /T . This relation means that a higher temperature introduces more fluctuations to the polypeptide and makes it easier to deform. The probability of the polypeptide to form an intact alpha helix without unfolding can be derived from the canonical partition function by
where
is the total partition function equivalent to eq. (1). This formula incorporates the mechanism of the competition between alpha helix folding and unfolding as well as the effect of self-folding. The reference values of all the parameters needed to calculate P (N ) are obtained from molecular dynamics simulations and literature sources and are summarized in table 3.
Results and discussion
Length effect from thermodynamic model
We now apply this model and calculate P (N ) as a function of the polypeptide length as shown in fig. 4 . We observe that P (N ) features a plateau between 9 to 17 amino acids with a polypeptide length at its middle of C N = 13 amino acids (at 300 K), which corresponds to the polypeptide length with the maximum probability C P to form an intact alpha helix. For polypeptides shorter than C N , P decreases with decreasing N . Similarly, for polypeptides longer than C N , an increasing length also leads to a decreasing P . We also notice that C N does not change significantly as the temperature increases from 300 to 400 K as shown in fig. 4 , suggesting that C N is not very sensitive to temperature. The phenomenon that the increasing temperature leads to a decreased C P agrees with our experience that increasing temperature leads to increased fluctuations in the polypeptide that break the hydrogen bonds, and thus decreases the content of alpha helix as the protein structure is denaturalized. The existence of C N in our model is caused by the changing probability of each Histogram that shows the number of alpha helices with that particular length, revealing that alpha helices with a length of 10 are most common. The data is the result of a statistic calculation based on 46030 high-resolution protein crystal structures obtained from the Protein Data Bank. Those structures are typically obtained by X-ray crystallography or nuclear magnetic resonance spectroscopy and cover a very broad variety of biological molecules. The secondary structures of each amino acid within the proteins are determined by the DSSP algorithm [12] . The continuous curves are the results obtained from our theoretical model at different temperatures. The peak point of each distribution refers to the critical polypeptide length (C N ) with a maximum probability (C P ) in forming an intact alpha helix. The reason our model predicts no alpha helix for peptides smaller than 5 is that our model assumes the minimum length of N min = 5 to form alpha helix (3.6 amino acids per turn and we need at least one hydrogen bond forming).
folding mode for increasing N as shown in fig. 5 . The probability of mode III is almost 0 as constant for N < C N region while it significantly increases for N > C N . However, the probability of mode II decreases outside the plateau region. The combination of the behaviors of those two modes leads to the peak value of the probability of mode I since Z(N |mode I, II, III) = Z 0 (N ). The values for E b int and ε are typically found in a range of possible values depending on the sequence and solvent conditions [2, 37, 38] . To examine the effect of varying these parameters we alter their values in our model and calculate the probability distribution for these cases. For each set of parameters we identify the critical length that leads to the maximum probability to form an alpha helix. The result depicted in fig. 6a shows that the maximum probability C P for the formation of an alpha helix decreases with decreasing E b int and it shows no strong dependence on ε, while the critical polypeptide length C N decreases with increasing ε and decreasing E b int ( fig. 6b) . We find that the critical polypeptide length C N varies from 10 to 17 amino acids for a wide energy range (E b int from 3 to 5 kcal/mol and ε from 1 to 1.5 kcal/mol/Å). This indicates that the critical length depends on those energy terms. We observe that the smaller ε and greater E b int Fig. 5 . The probability distribution of the polypeptide for each of the three modes as summarized in table 1 under 300 K temperature, i.e., intact alpha helix (mode I), partial unfolded alpha helix (mode II) and self-folded alpha helix (mode III). The probability distribution of mode I forms a plateau between N = 9 and N = 17, we use the weight center of the plateau as C N = 13 for the peak point. The probability of mode III significantly increases for N > C N , while the probability of mode II decreases outside the plateau region.
lead to the greater C N . This result may be important for the understanding and design of alpha helix assembly processes because both ε and E b int are weak interactions in protein structures that can be directly controlled by external factors such as the temperature, solvent polarity and pH value. We also test the dependence of C N on E b ext and E hyr as summarized in figs. 6c and d, respectively. It is observed that increasing E b ext , which means a smaller cooperative effect as E b ext and E b int become more similar, leads to decreasing C N . It is also observed that decreasing E hyr (more hydrophobic) leads to a greater C N .
alpha helix stability in metadynamics
We now carry out direct molecular simulations to test whether the length effect revealed by our theoretical model is also observed in a chemistry-based molecular model. We calculate the free-energy landscape for the alpha helix similarity parameter of a polyalanine chain by using the well-tempered metadynamics method [33, 34] . The reason why we use polyalanine in our simulations is that alanine is regarded as the most stabilizing residue within alpha helices (47% of all the alanine residues are within alpha helices for all the protein structures we surveyed). Our metadynamics simulations are performed by NAMD implemented in the PLUMED package [33, 34, 39] . We study the stability of polyalanine chains in explicit solvent environment with different lengths. The initial geometry of the alpha helix is set up according to the standard geometry of an alpha helix of (φ [32] , the atomic interaction is modeled using the CHARMM27 force field and the solvent environment includes explicit TIP3P water molecule model and ionic concentration of Fig. 6 . Maximum probability and critical length of the polypeptide to form an intact alpha helix for varied hydrogen bond energies E b int and non-bonded adhesive energies ε. a) Maximum probability CP , which refers to the P -axis value of the peak point in fig. 4 , of the polypeptide to adopt the alpha-helical conformation. b) Critical length C N , which refers to the N -axis value of the peak point in fig. 4 , of the polypeptide with a maximum probability to form alpha helix. The values of the maximum probability and critical length for each combination of the hydrogen bond energies and non-bonded adhesive energies are defined by the color bars in panels a) and b) respectively. c) Critical length C N of the polypeptide as a function of the hydrophobic effect given by E hyr . d), Critical length CN of the polypeptide as a function of the cooperative effect given by E b ext .
0.308 mol/L (equals to physiological saline environment of 0.154 mol/L sodium chloride concentration) with the numbers of cations and anions carefully controlled to neutralize the total charge of the system.
We use an NPT ensemble controlled by a Langevin thermostat and barostat (constant number of particles, constant pressure (1 atm) and constant temperature (300 K)) through the equilibrium stage. The typical system is of the size 100 × 40 × 40Å 3 composed of ∼ 5000 water molecules and 30 ions. The system is set to be periodic in all directions and Particle Mesh Ewald method (with a lattice size of 1Å) is used to accurately compute the electrostatic interactions. The integration time step is select to be 2 fs and rigid bond model is applied for the hydrogen atoms. We first equilibrate the solvent box by fixing the polyalanine for 200 ps as the volume and energy of the system converges, and then equilibrate the entire system without constraints for 5.4 ns to ensure that the protein structure has been fully equilibrated by examining the convergence of the root mean square deviation of the atoms within the protein structure.
After equilibration we perform a Well-Tempered Metadynamics calculation until convergence of the free-energy landscape is reached. The collective variable we use to analyze the free-energy landscape is the alpha helix similarity, which is defined as
where (φ, ψ) are the two dihedral angles of the backbone of two neighborhood amino acids within the internal region of the peptide, and (φ ref , ψ ref ) defines the conformation of standard alpha helix. It is noted that as
, S → 1, meaning that the conformation of the peptide has the geometry of an alpha helix. Other parameters include the enhanced temperature of 1500 K where the collective variable is sampled, the starting Gaussian height is 0.1 kcal/mol and the deposition interval is 200 fs, corresponding to a deposition rate of 0.5 kcal mol −1 ps −1 . The probability for the polypeptide to form alpha helix conformation is given by where F (S) is the free-energy surface obtained in WellTempered Metadynamics calculation [34] and S 0 = 0.6 is the boundary value used in this study to define alpha helix conformation. We alter S 0 by ±0.1 and recalculate P meta to obtain the error bar of each data point.
To examine the length effect we compute the probability of each polypeptide chain length to form an intact alpha helix conformation by calculating the proportion of structures of alpha helix conformation among all conformational samplings, by integrating over its free-energy landscape (as given in eq. (10)). We carry out these simulations for polypeptide chains with lengths ranging from 5 to 40 amino acids and calculate their probability to adopt intact alpha-helical geometries. Figure 7a shows that in the simulations of the short polypeptide chain with 9 amino acids and less the structure unfolds rapidly and adopts a completely random coil conformation. In contrast, longer polypeptide chains such as the one with 40 amino acids behave very differently and are seen to self-fold into a helix hairpin. Both cases, the short and the very long polypeptide chains, display a rather small probability to remain in their initial straight alpha helix conformation. Notably we also observe that there exists an intermediate length that maximizes the probability to form an alpha helix length. These observations, including the findings made for the two extreme cases, agree with the assumptions made earlier in the development of the theoretical model.
The probabilities P meta (N ) of all polypeptide chains considered in our simulations to form an intact alpha helix conformation is plotted as a function of their length in fig. 7b . We find that the probability of the critical polypeptide length C N = 16.3±2.1 amino acids shows a significant portion of alpha helix without self-folding. This critical length identified here is slightly larger than the value predicted by the theoretical model. It is also shown that very short peptides (N = 5 and 6) have P meta > 0. We check the simulation trajectories and confirm that those values are caused by the limits of applying alpha helix similarity (eq. (9)) to very short peptide. The hydrogen bonds in these peptides are not stable from the beginning of the simulation and P meta > 0 simply reflects the fact that the peptide backbone during free fluctuations visits many conformations similar to (φ ref , ψ ref ), albeit these conformations are not stable. Nevertheless, the direct computational results suggest that the existence of a critical length at which the alpha helix stability is maximized. The difference between the model and the simulation results can be explained by the hydrophobic effect of polyalanine chain. This effect (as given by E hyr(ALA) = −2.9 kcal/mol for a polyalanine chain as summarized in table 2) is much stronger than that of the statistic average, and also by considering that the stronger E hyr leads to a favoring of longer alpha helices as summarized in fig. 6c . We explain this by the fact that a pure polyalanine chain should have a longer C N than the statistical value. We also find that the actual probability of short polypeptide chains to form a stable alpha helix geometry is smaller than predicted by the theoretical model, indicating that the specific choice of alanine side chains may make the length prevalence more pronounced. It is noted that the prevalent length range given by the simulation result is narrower than the theoretical result because the atomic simulations are performed only for polyalanine, and they do not cover other sequences. There is evidence given by data in the Protein Data Bank as that for continuous polyalanine segments with medium length (> 6 amino acids) only one single length at N = 11 gives 13 helix structures. For each of the other lengths only less than two helix structures (one or none) can be found. We anticipate that other protein sequences may lead to different prevalent lengths, making the prevalent length of the alpha helix structures vary in a range and thus broadening the peak. Three dominant conformations including unfolded helix, intact alpha helix and tertiary structure are depicted by three regions with different colors within the figure. The probability of forming the specific structure for a peptide is measured by the height of the specific region at the corresponding peptide length N . The exact probability of each mode is given in fig. 5 . The tripoint at the intersection point of the three regions is highlighted with a circle. It yields a favorite alpha helix length as well as the transition point for higherorder structures, and it also corresponds to the co-existing area with all the three conformations possible. For peptides shorter than the length corresponding to the tripoint, the increasing length increases the helix stability, while for longer peptides, the increasing length decreases the helix stability because of the possibility to form tertiary structures.
A perspective from length dependent alpha helix stability
Our finding that there exists a critical length for maximum alpha helix stability agrees well with the statistical distribution of the number of alpha helices observed in natural protein structures as a function of the peptide length, as shown in fig. 4 . In future work the model could be adopted to study the stability of π-helices and 3 10 helices by altering parameter values to adapt to the geometries and energy terms of those helix types [40] . In preliminary calculations our model suggests that there exist larger critical lengths for π-helices (18 amino acids by taking t = 4.1, D = 3.6Å and d = 1.3Å) and smaller critical lengths for 3 10 helices (10 amino acids by taking t = 3, D = 2.7Å and d = 1.8Å) than that of the alpha helix (13 amino acids). This result suggests that long chains have an intrinsic preference for π-helical structures while short chains have the intrinsic preference for 3 10 -helical structures. This suggestion is supported by arecent simulation study of a long helical chains composed one hundred amino acids. In that study it was reported that an applied tensile force induces a transition from an alpha helix to a π-helix at an early deforming stage, and that the content of the 3 10 -helix in this system under varied force conditions is always low [41] . We are also aware that in order to obtain the critical length of any specific alpha helix, the effect of the amino acid sequence needs to be included for example by applying inhomogeneous weak interactions along the polypeptide. As it is suggested by our model (as shown in fig. 6c ) that a stronger hydrophobicity caused by side chains may lead to a longer alpha helix with greater stability.
The critical length and probability distribution discovered here have important implications in our understanding of the folding mechanism and stability of alpha helix protein material. The new insight uncovered here is that the characteristic length scale of alpha helices could be driven by more fundamental principles than the specific amino acid sequence, hydrogen bond energy, or solvent properties. Our results, as illustrated by fig. 8 , show that the favored alpha helix length -given by the tripoint of the three possible conformation regions-is governed by the thermal equilibrium between entropy-driven unfolding and free-energy-driven folding in forming secondary and higher-order structures. Polypeptides longer than this length do indeed form alpha helices, but also tend to selffold to form higher-order structures. In contrast, polypeptides shorter than the critical length are less stable and form random coils. This result may explain why there are no single long alpha helices found in nature, but that they are almost exclusively found in the forms of coiled-coils, triple helices, and even higher-order helical structures [5, 42, 43] . Moreover, our results show how the favored alpha helix length is altered by changes to energy terms that define the molecular interactions. This knowledge may potentially help us to design simplified control models that may aid researchers in manipulating molecular and cellular processes [44] .
